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individual	 objects	 as	 well	 as	 their	 relationships	 (Gentner,	 1983;	
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temporal	 regions.	However,	 activation	 in	 a	 brain	 region	 that	 has	 been	 implicated	 in	
controlled	semantic	retrieval	–	left	anterior	prefrontal	cortex	(BA	47/45)	–	was	posi-
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Hummel	&	Holyoak,	1997,	2003),	 is	central	to	 learning	and	thought	
(Hofstadter	 &	 Sander,	 2012;	 Holyoak	 &	 Thagard,	 1995;	 Namy	 &	
Gentner,	2002).	Across	diverse	real-	world	environments,	analogies	are	
employed	to	explain	new	information	(Dunbar	&	Blanchette,	2001),	to	
solve	 problems	 (Gick	&	Holyoak,	 1980,	 1983),	 and	 to	 facilitate	 the	
learning	 of	 new	 information	 in	 educational	 settings	 (Richland,	 Zur,	
&	Holyoak,	2007;	Richland	&	McDonough,	2010;	Vendetti,	Matlen,	
Richland,	&	Bunge,	2015).
Given	 the	 ubiquitous	 use	 of	 analogies	 in	 understanding	 new	
domains,	reasoning	by	analogy	is	widely	considered	to	be	an	import-
ant	 tool	 underlying	 children’s	 acquisition	 of	 knowledge	 (Gentner,	




from	 earlier	 research	 on	 the	 development	 of	 analogical	 reasoning	
(e.g.	 Sternberg	 &	 Nigro,	 1980),	 young	 children	 can	 in	 some	 cases	
solve	analogy	problems	(e.g.	Holyoak,	Junn,	&	Billman,	1984).	Second,	
content	knowledge	is	an	important	factor	in	predicting	one’s	ability	
to	 use	 analogies	 effectively	 (Goswami	 &	 Brown,	 1990;	 Gentner	 &	
Rattermann,	1991).
It	 is	 important	 to	 note,	 however,	 that	 children	 are	 still	 prone	




to	11	years	of	 age	are	 likely	 to	 select	 items	 in	 a	propositional	 anal-








to	 select	 specifically	 analogous	 semantic	associations	 in	 the	 face	of	
other,	more	general,	semantic	associations	(Bunge,	Wendelken,	Badre,	
&	Wagner,	2005;	Krawczyk	et	al.,	2010).
Beyond	 improvements	 in	 domain-	specific	 knowledge	 and	 con-
trolled	semantic	retrieval,	 several	other	mechanisms	have	been	pro-
posed	 to	 underlie	 the	 development	 of	 analogical	 reasoning	 ability,	
including	 the	 ability	 to	 maintain	 multiple	 mental	 representations	 in	
working	memory	and	integrate	distinct	mental	relations	(e.g.	Halford,	
Wilson,	&	Phillips,	 1998;	Holyoak	&	Kroger,	 1995)	 and	 to	 suppress	













age	 6	years.	 Therefore,	 we	wanted	 to	 investigate	 how	 the	 number	
of	semantic	versus	perceptual	errors	changes	throughout	childhood.	
























trials	 consisted	 of	 the	 correct	 response	 (i.e.	 the	 answer	 choice	 that	
















dissociated	 the	 roles	 of	 three	 subregions	within	 lateral	 prefrontal	
cortex	 (PFC)	by	manipulating	task	difficulty	 in	several	ways	 (Bunge	
et	al.,	 2005).	 We	 found	 that	 left	 anterior	 inferior	 prefrontal	 cor-
tex	 (aLIPC;	~BA	45/47)	was	sensitive	 to	a	manipulation	of	seman-
tic	 relatedness	 between	 the	A	 and	B	words;	 it	was	 engaged	more	
strongly	when	 it	was	necessary	 to	 retrieve	 a	 relation	among	more	
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weakly	associated	terms	than	among	strongly	associated	ones,	con-
sistent	with	prior	work	showing	 that	 this	 region	 is	associated	with	
effortful,	 or	 controlled,	 semantic	 memory	 retrieval	 (e.g.	 Wagner,	
Paré-	Blagoev,	 Clark,	 &	 Poldrack,	 2001).	 Both	 left	 aLIPC	 and	 right	
dorsolateral	PFC	(DLPFC;	~BA	9)	–	a	region	implicated	in	cognitive	
control	 (e.g.	Miller	 &	Cohen,	 2001;	 Stuss	&	Knight,	 2012)	 –	were	
engaged	more	 strongly	when	 it	was	 necessary	 to	 reject	 an	 invalid	
analogy	involving	mismatched	pairs	of	semantic	associates	(e.g.	‘vari-
able:	equation:	clay:	sculpture?’)	than	to	accept	a	valid	one.	Finally,	
left	aLIPC	and	 left	 rostrolateral	 prefrontal	 cortex	 (RLPFC;	~BA	10)	
–	a	 region	that	had	been	hypothesized	 to	play	a	 role	 in	 the	ability	





that	 several	 PFC	 regions	 contributed	 in	 different	ways	 to	 analogi-




involvement	 in	post-	retrieval,	 domain-	independent	processes	 such	
as	 relational	 integration	 (Krawczyk,	 2012)	 and	 response	 selection	
(Aron,	Robbins,	&	Poldrack,	2014).
Another	fMRI	study	of	analogical	reasoning	in	young	adults,	using	
a	different	paradigm,	 independently	manipulated	demands	 for	 inter-
ference	resolution	and	relational	integration	(Cho	et	al.,	2010).	In	this	














ing	 task-	relevant	 semantic	 relations	 while	 ignoring	 task-	irrelevant	
ones	 (e.g.	 Badre,	 Poldrack,	 Paré-	Blagoev,	 Insler,	 &	 Wagner,	 2005;	
Bunge	et	al.,	2005;	Poldrack	et	al.,	1999;	Souza,	Donohue,	&	Bunge,	
2009;	Wagner	et	al.,	2001).	Left	aLIPC	has,	beyond	its	role	in	selecting	








By	 contrast,	 if	 age-	related	 changes	 over	 the	 age	 range	 inves-
tigated	 in	 this	 study	 are	 driven	 largely	 by	 an	 improved	 ability	 to	
inhibit	impulsive	responses	to	distractors	(e.g.	Richland	et	al.,	2006;	




44;	 45,	 47),	which	 has	 been	 strongly	 linked	 to	 response	 inhibition	
(aLIPC	as	well	as	pLIPC;	 for	a	 review,	see	Aron	et	al.,	2014).	Other	









Finally,	 if	 age-	related	 changes	 in	 analogical	 reasoning	 over	 ages	
6–18	years	are	driven	by	improvements	in	a	domain-	general	capacity	
for	relational	thinking	(e.g.	Halford	et	al.,	1998;	Dumontheil,	2014),	we	
would	 predict	 age-	related	 improvements	 associated	with	 activation	
in	RLPFC.	This	region	and	the	inferior	parietal	lobule	(IPL)	have	been	
implicated	in	relational	integration	across	a	range	of	tasks	(for	a	review,	












Notably,	 although	 these	 hypotheses	 are	 not	 mutually	 exclu-




associated	 with	 a	 spatially	 dissociable	 pattern	 of	 brain	 activation.	
Our	 preliminary	 developmental	 fMRI	 study	 of	 analogical	 reasoning	








improvements	 in	 controlled	 semantic	 memory	 retrieval,	 response	
inhibition,	and/or	relational	integration.
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2  | METHODS
2.1 | Participants
























stimuli	were	pictures	of	 common	objects	 known	 to	young	 children,	
as	judged	by	age-	of-	acquisition	psycholinguistic	norms	for	the	words	
that	they	depicted	(Gilhooly	&	Logie,	1980).
On	analogy	 trials	 (Figure	1a),	 participants	were	 shown	an	 image	
containing	an	incomplete	propositional	analogy	(i.e.	A	:	B	::	C	:?)	above	
a	row	of	four	items.	Participants	were	asked	to	indicate	with	a	button	
press	which	of	 the	 four	possible	 answers	best	 completed	 the	 array	
(e.g.	 dress	 is	 to	 closet	 as	milk	 carton	 is	 to	 refrigerator).	 Specifically,	
participants	were	asked	to	choose	which	of	the	bottom	pictures	best	
fills	 in	the	question	mark.	They	were	told	that	 it	should	go	with	the	
middle	 picture	 (e.g.	milk	 carton)	 in	 the	 same	way	 that	 the	 top	 two	
pictures	go	together	(i.e.	in	the	same	way	that	the	dress	goes	with	the	
closet).	They	were	 then	 told	 that,	 ‘there	may	be	other	pictures	 that	
















by	stating	the	correct	choice	 (i.e.	 the	semantic	association)	 for	each	
example	after	the	participant	had	responded.

















the	experience	of	 lying	 in	 an	MRI	 scanner.	Participants	wore	head-
phones	and	listened	to	recorded	sounds	of	MRI	acquisition	sequences,	





















Brain	 imaging	 data	 were	 collected	 at	 UC	 Berkeley	 on	 a	 3-	T	 Siemens	
Trio	 TIM	MR	 scanner	 using	 a	 12-	channel	 head	 coil	 with	 a	 maximum	
gradient	strength	of	40mT/m.	Functional	MRI	data	of	 the	whole	brain	












FMRI	 data	 processing	 was	 carried	 out	 using	 FEAT	 (FMRI	 Expert	
Analysis	Tool)	Version	6.00,	part	of	FSL	 (FMRIB’s	Software	Library,	
www.fmrib.ox.ac.uk/fsl).	The	 following	pre-	statistics	processing	was	
applied:	 motion	 correction	 using	 MCFLIRT	 (Jenkinson,	 Bannister,	
Brady,	 &	 Smith,	 2002);	 slice-	timing	 correction	 using	 Fourier-	space	
time-	series	phase-	shifting;	non-	brain	removal	using	BET	(Smith	et	al.,	
2004);	 spatial	 smoothing	 using	 a	Gaussian	 kernel	 of	 FWHM	5	mm;	
grand-	mean	 intensity	 normalization	 of	 the	 entire	 4D	 dataset	 by	 a	
single	 multiplicative	 factor;	 high-	pass	 temporal	 filtering	 (Gaussian-	
weighted	least-	squares	straight	line	fitting,	with	sigma	=	50.0	s).	Runs	






least	 two	of	 the	 four	 runs,	 they	were	 excluded	 from	 further	 analy-
ses	(35	participants	excluded;	25%),	including	20	runs	that	were	not	
collected	because	the	participant	asked	to	end	the	acquisition	early	







ogy	 and	 semantic	 trials.	We	 tested	 the	 following	 hypotheses	 using	








investigated	 whether	 analogy	 accuracy	 explained	 the	 relationship	
between	age	 and	 semantic	accuracy,	 or	whether	 semantic	accuracy	
explained	the	relationship	between	age	and	analogy	accuracy.





Time-	series	 statistical	 analyses	 for	 individual	 runs	 were	 carried	
out	 using	 FILM	 with	 local	 autocorrelation	 correction	 (Woolrich	
et	al.,	2009).	Although	runs	with	 large	amounts	of	motion	had	been	
excluded	from	the	analysis,	there	remained	the	possibility	that	motion	
could	corrupt	 the	 fMRI	signal.	 In	order	 to	alleviate	 this	concern,	 six	
motion	regressors	(indexing	translation	and	rotation	in	the	x-	,	y-	and	z-	
dimensions	for	each	2-	s	TR)	were	included	in	the	analysis	as	covariates	
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of	no	interest,	along	with	time-	series	data	representing	signal	in	white	
matter,	 cerebrospinal	 fluid,	 and	 areas	 outside	 the	 brain.	 Regressors	
representing	correct	trials	and	the	four	types	of	error	trials	(semantic,	
perceptual,	 unrelated	distractor,	 and	omission)	were	modeled	 sepa-
rately	as	events	starting	when	the	question	appeared	on	the	screen	
and	ending	at	the	time	the	subject	answered	the	question	(or	when	
the	question	disappears	 in	 the	 case	of	omitted	 responses).	Analogy	












First,	 we	 quantified	 mean	 activation	 across	 all	 participants	 on	








to	 regions	 that	were	 not	 significantly	 deactivated	 by	 the	 task	 using	
the	mask	described	above.	 (For	 readability,	we	refer	 to	 this	mask	as	
showing	 regions	 activated	 by	 the	 task.)	Z	 (Gaussianised	T/F)	 statis-
tical	 images	were	 assessed	 for	 significance	 using	 permutation	 tests	
at	 a	 cluster	 defining	 threshold	 of	Z > 2.3	 and	 family-	wise	 error	 cor-
rection	 at	 p	 <	 .05	 (Eklund,	 Nichols,	 &	 Knutsson,	 2016;	 Worsley,	
2001).	All	 thresholded	 and	 un-	thresholded	maps	were	 uploaded	 to	
NeuroVault	(Gorgolewski	et	al.,	2016).	Code	to	reproduce	the	figures	





on	 semantic	 than	 on	 analogy	 problems	 (mean	±	standard	 deviation;	
semantic:	 accuracy	 =	 89.38	 ±	 12.52%,	 RT	 =	 3.60	 ±	 0.99s;	 analogy:	
accuracy	=	74.95	±	18.96	%,	RT	=	4.67	±	1.01	s;	paired	t-	tests:	accu-
racy:	t(137)	=	15.01,	p < .001;	RT:	t(137)	=	23.72,	p < .001).	For	both	
semantic	 and	 analogy	 problems,	 we	 observed	 significant	 increases	
in	performance	across	 the	age	 range	of	our	participants	 (Figure	2a).	
The	effect	of	age	on	accuracy	on	both	trial	types	was	best	fitted	with	















2 < .001; βage	=	–0.73,	page
2 < .001; R2adj	=	 .52,	F(2,	
135)	=	73.69,	p < .001;	analogy:	βage
2	=	0.01,	page










Importantly,	 although	 we	 observed	 age-	related	 improvements	
on	the	semantic	task,	improvements	on	the	analogy	task	were	signif-




2 < .001; βage	=	7.82,	page < .001; R
2
adj	=	 .78,	F(3,	134)	
=	 159.97,	 p < .001).	 Thus,	 improved	 analogical	 reasoning	 over	 this	














2 < .001; βage	 =	 –6.04,	page < 
.001; R2adj	=	.40,	F(2,	135)	=	47.15,	p < .001;	perceptual:	βage
2	=	0.11,	
page





2	=	.06;	βage	=	–1.41,	page = .005; 
R2adj	=	.26,	Rsqadj	for	linear	model	=	.25,	F(2,	135)	=	25.07,	p < .001).	
However,	when	participants	of	all	ages	made	errors,	 they	were	pre-
dominantly	 semantic	 lures	 (12.24%	 ±	 9.62),	 followed	 by	 perceptual	
lures	(5.07%	±	4.83),	and	then	unrelated	lures	(2.81%	±	3.49;	paired	
t-	tests:	semantic	>	perceptual:	t(137)	=	10.64,	p <	.001;	perceptual	>	
unrelated:	 t(137)	=	5.42,	p < .001).	Thus,	participants	across	 the	age	










trials,	 parietal	 cortex	and	medial	occipital	 regions	were	more	active	
for	 analogy	 than	 for	 semantic	 trials,	 perhaps	 related	 to	 the	 differ-




of	 interest	 (semantic	 >	 fixation,	 analogy	 >	 fixation	 and	 semantic	 >	
















vation	 tracked	 individual	 differences	 in	 analogy	 accuracy	 even	 after	
correcting	for	the	effects	of	age.	The	power	of	a	whole-	brain	partial	
correlation	analysis	in	this	dataset	is	limited	as	a	result	of	the	strong	
correlations	 between	 accuracy	 and	 age,	 but	 given	 individual	 differ-
ences	in	performance	across	our	large	sample,	we	nonetheless	sought	
to	 disambiguate	 age-	related	 and	 performance-	related	 differences	 in	
activation.	We	tested	whether	analogy	accuracy	related	to	activation	
on	 analogy	 trials.	We	 also	 tested	whether	 analogy	 accuracy	would	




correcting	 for	multiple	 comparisons.	However,	 there	was	 a	 positive	
relationship	between	semantic	 trial	 activation	and	analogy	accuracy	
that	survived	after	controlling	for	age	(racc|age	=	.47;	Figure	5bii;	Table	
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from	this	cluster	in	left	aLIPC	(~BA	47/45)	–	largely	corresponding	to	
the	 inferior	portion	of	 the	prefrontal	 cluster	 identified	 in	Figure	4	– 
we	found	that	activation	on	analogy	trials	was	in	fact	correlated	with	
increased	analogy	 accuracy	 controlling	 for	 age,	 as	we	had	observed	







The	 current	 study	was	 designed	 to	 test	which	mechanisms	 support	
age-	related	 improvements	 in	analogical	 reasoning	 from	middle	child-
hood	 to	 adolescence.	 Successful	 performance	 on	 analogy	 problems	
relied	on	participants’	ability	to	choose	an	item	whose	semantic	rela-










specifically	 support	 retrieval	 of	 analogical	 relationships,	 rather	 than	
mechanisms	that	support	more	general	retrieval	processes.
Behaviorally,	 performance	 on	 both	 semantic	 and	 analogy	 tri-
als	 improved	with	 age,	with	 the	 greatest	 improvements	 occurring	
between	 the	 ages	 of	 6	 and	 9	years.	 The	 percentage	 of	 errors	 for	
semantic,	perceptual	and	unrelated	lures	in	the	analogy	task	signifi-
cantly	 decreased	with	 age,	 but	 the	 most	 pronounced	 age-	related	
improvement	was	observed	 for	 semantic	 lures.	Even	 the	youngest	
children	chose	semantic	lures	more	often	relative	to	perceptual	and	
unrelated	 lures,	but	 the	number	of	semantic	 lure	errors	decreased	
dramatically	 over	 middle	 childhood.	 While	 the	 perceptual	 errors	
were	 subject	 to	 restricted	 range	 effects,	 it	 remains	 the	 case	 that	
even	 the	youngest	 children	 studied,	who	made	many	errors,	were	
more	 likely	 to	 choose	 semantically	 relevant	 items	 (either	 targets	
or	semantic	 lures)	 than	semantically	 irrelevant	ones	 (perceptual	or	
unrelated	lures).	This	finding	fits	well	with	previous	research	demon-
strating	 an	 ability	 to	 avoid	 matching	 based	 on	 purely	 perceptual	
attributes	occurring	by	the	age	of	6	(Kotovsky	&	Gentner,	1996).
Although	participants	of	all	ages	performed	well	on	the	semantic	
match	 task,	 the	youngest	participants	 in	our	 study	 (~ages	6–7)	 cor-
rectly	 answered	 only	 about	 50%	 of	 the	 analogy	 problems,	which	 is	
lower	than	expected	based	on	prior	studies	in	younger	children,	such	
as	a	study	reporting	analogical	reasoning	performance	of	around	60%	
in	 4-	year-	olds	 with	 a	 similar	 paradigm	 (Goswami	 &	 Brown,	 1990),	
which	 may	 indicate	 that	 some	 of	 our	 reasoning	 problems	 required	







are	permutation	tests,	thresholds	are	set	using	a	cluster	defining	threshold	of	Z > 2.3	and	are	family-	wise	error-	corrected	at	p < .05. Thresholded 
and	unthresholded	maps	are	available	in	NeuroVault	at	http://neurovault.org/collections/1658
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What	drives	 the	observed	 improvements	 in	analogical	 reasoning	
across	development?	We	addressed	 this	 question	by	 looking	 at	 our	











Developmental	 differences	 in	 brain	 activation	 patterns	 do	 exist,	
however.	 Left	 lateral	 PFC	became	more	 active	while	 solving	 analogy	







Following	 from	 numerous	 studies	 showing	 the	 importance	 of	
this	 region	 for	 controlled	 semantic	 retrieval	 (e.g.	 Badre	 et	al.,	 2005;	
Bunge	et	al.,	2005;	Poldrack	et	al.,	1999;	Thompson-	Schill	et	al.,	2002;	
Wagner	et	al.,	2001),	this	pattern	of	results	indicates	that	participants	









We	 had	 predicted	 that	 age-	related	 changes	 in	 RLPFC	 and	 IPL	
activation	 would	 contribute	 to	 improved	 performance,	 given	 other	
research	 involving	 a	 largely	 overlapping	 sample	 of	 participants	 that	
implicated	 these	 regions	 in	 the	 development	 of	 non-	semantic	 rela-
tional	reasoning	 (Wendelken	et	al.,	2011,	2016),	as	well	as	our	prior	








comparison	 between	 pairs	 of	 stimuli,	whereas	 being	 asked	 to	 com-
plete	 analogies	 promoted	 sequential	 retrieval	 of	 semantic	 associa-
tions	(painter:	brush	-	>	type	of	implement	relied	on	in	a	profession	-	>	
writer	-	>	pen).	Given	that	the	task	used	in	the	present	study	requires	
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but	not	domain-	general	relational	thinking	as	a	key	driver	of	develop-









there	 is	 much	 improvement	 in	 analogical	 reasoning	 occurring	 over	
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